Abstract: Loss of haptic feedback is one major drawback of robotic systems. Motivated by this fact this paper presents a new user interface with haptic feedback for controlling a surgical robot with 4 degrees of freedom (DOF) and haptic grasping. Therefore, a kinematic structure with confined workspace matching the robot's workspace is chosen; thus, the user interface can be handled like a forceps with thee point precision grip.
Introduction
Minimal invasive surgery proceedings like transanal endoscopic surgery provide a number of drawbacks e.g. strictly limited workspace, loss of haptic feedback, and reversal of directions of movement of end-effectors in the body. In order to perform a complex surgical task like transanal rectum resection [1] it is necessary to overcome these drawbacks. Motivated by this fact a new surgical robot based on a teleoperation master-slave structure is being investigated [2] . This paper discusses the design of the master unit: a new user interface with haptic feedback to control ergonomically and precisely a surgical robot with 4 DOF.
Methods
The presented user interface should control a robot with 4 degrees of freedom and should return haptic feedback of interaction forces during surgery. One major goal during the development of the haptic teleoperation system is to produce haptic transparency [3] . Therefore, the kinematic behavior of the robot to be controlled needs to be known in order to fit the user interface's workspace to the robot's workspace. The overall geometry of the robot is based on a TEO instrument with a diameter of 40 mm. At the end of the tube two antagonistic robot arms, both actuated with a parallel linked tripod structure are provided. The workspace of each arm is approximately cylindric with a diameter of 40 mm and a length of 60 mm. The system is supposed to produce forces between end effector and tissue up to 5 N in every direction, end-effector gripping force up to 5 N and a torque at the end-effector of up to 100 mNm. In order to produce haptic feedback, forces and torque exerted to the environment are measured relating to the end-effector. Because of the symmetric structure of left and right side of the robot the following considerations are made only for one side. To develop a stable and transparent haptic system, the user interface needs to display static and dynamic forces at least equivalent to the robot forces exposed on tissue. For dimensioning dynamic behavior of the haptic user interface, frequency components up to 400 Hz should be displayed to ensure covering the whole haptic spectrum of interaction with tissue [4] .
Results
As shown in figure 1 the chosen kinematic structure of the user interface is based on the main kinematic chain of the robot. To control the robot, the user handles the interface like a forceps in a three point precision grip, as shown in figure 2. Haptic feedback for grip force and torque are generated by electrodynamic actuators and adapted by wire and belt gears. Force feedback for moving the tool center point (TCP) of the user interface is driven by the commercial haptic interface (Falcon, Novint Technologies Inc., Washington) based on a delta kinematic structure. The Falcon is attached to the TCP of the forceps-like user interface. Because of the confinement through the linear bearing at the end of the interface, the main kinematic chain of the robot is copied to ensure that the degrees of freedom of the user interface fit According to the technical specifications of the Novint Falcon and the characterization in [5] the feedback values at the TCP of the haptic forceps exceed 9 N in all Cartesian directions. The overall workspace of the user interface's TCP is defined by the workspace of the Novint Falcon and can be described by 10x10x10 cm 3 . According to own characterization, gripping force values up to 10 N can be displayed with the forceps. Also displayable torque on the ϕ axis was measured up to 200 mNm. The forceps is designed for finger displacement between 7 mm and 25 mm. Maximum rotation of the user interface is limited to ±180
• . Measurement values of force transmission for grasping part are presented in figure 4 . In the current state of development grasping forces can only be displayed in a frequency range up to 100 Hz. At 105 Hz a resonance peak dominantly caused by motor inertia and the stiffness of the wire can be determined. The earlier drop of the curve above 10 Hz can be explained by actuator saturation during the measurement.
Discussion
The presented user interface is a new ergonomic device to control a minimally invasive singleport medical robot in 4 DOF and grasping with integrated force feedback. With the shown confined workspace a possibility was found to fit user's intention and robot movement. In contrary to most known haptic user interfaces, the presented interface gives the possibility to steer the robot in a precise way by using three point precision grip and arm rests. Thus, disturbances like human tremor or tiring are reduced. Further, reduction of tremor can be accomplished by signal processing. Next steps will be the extension of the frequency range of the haptic feedback of the forceps by using a stiffer wire in the wire gear. Besides, characterizations are planned to ensure defined conditions and to show usability during a surgery.
